ABSTRACT A monovalent form of concanavalin A (m-Con A) has been prepared to determine the importance of valence for human lymphocyte surface binding and subsequent lymphocyte stimulation as measured by blast transformation and cytotoxicity. Concanavalin A (Con A) was fragmented by a proteolytic process and the m-Con A derivative was isolated by elution with an ascending D-glucose gradient on a Sephadex CG200 column. The molecular weight of m-Con A was 18,000 by sodium dodecyl sulfate-polyacrylamide electrophoresis. Equilibrium dialysis with a-methyl Dglucoside and subsequent 
treatment of lymphocytes with m-Con A blocked blast transformation induced by Con A. These observations demonstrate that m-Con A binds to lymphocyte surface receptors but does not stimulate blast transformation or cytotoxicity, suggesting that Con A must bridge binding sites on the lymphocyte surface to induce lymphocyte activation. Human lymphocytes may be activated, in vitro, to transform and synthesize new DNA, by a variety of substances including specific antigens (1) (2) (3) and nonspecific stimulating agents such as the plant lectins (4) (5) (6) (7) . Analysis of lymphocyte stimulation by the mitogen concanavalin A (Con A) has been actively investigated because of the specific information it may provide in understanding the mechanisms of antigen-mediated cellular activation. Knowledge of the mechanisms whereby Con A initiates lymphocyte blast transformation is incomplete, but a necessary first step seems to involve the binding of Con A to receptors on the lymphocyte surface membrane. Internalization of Con A is not required for lymphocyte activation, and Con A binding to the surface membrane of lymphocytes appears sufficient to induce blastogenesis (8) .
There is increasing evidence that valence is an important biological property of the lymphocyte-stimulating agents. Indeed, recent studies suggest that the stimulation of lymphocytes both by multivalent antigens and by divalent antibodies requires crosslinkage or multiple point attachment to cell surface receptors (9) (10) (11) (12) (13) . Therefore, we have further investigated the importance of lymphocyte surface binding to subsequent lymphocyte stimulation by preparing a monovalent derivative of Con A (m-Con A). The monovalent derivative was characterized with respect to molecular weight, association constant (Ka), and carbohydrate binding affinity. Finally, the effect of m-Con A preparation on both lymphocyte blast transformation and effector lymphocyte function (cytotoxicity), as exemplified by the destruction of target cells, was investigated.
METHODS
Preparation of m-Con A. Con A was fragmented by a modification of the method of Evans and Jones (14) . For this procedure, Con A (150 mg) was dissolved in 5.0 ml 0.1 M HCI to which 2 mg of porcine pepsin (California Biomedical Research Co.) was added. The mixture was incubated for 120 min at 400, after which the reaction was stopped by adjusting the pH to neutrality with 0.1 M NaOH. Subsequently, 20 .0 ml of phosphate-buffered saline containing 0.9 mM CaC12 and 1.05 mM MgCl2 was added, and the precipitate was removed by centrifugation at 20,000 X g for 20 min. Trypsin treated with L-1-tosylamide-2-phenylethyl-chloromethyl ketone (TPCK) (120 mg) and protease type 6 (40 mg; Sigma Chemical Co.) were then added and the mixture was incubated at 400 for 120 min. Finally, the reaction was stopped by cooling on ice and again the precipitate was removed by centrifugation.
The cooled reaction mixture was introduced at a flow rate of 6.0 ml/hr to a column (35.0 cm X 1.5 cm) of Sephadex G-200 equilibrated with phosphate-buffered saline. Subsequently, the column was washed with buffer by means of a peristaltic pump at a flow rate of 5.0 ml/hr and 5.0 ml fractions were collected. Protein concentration in the eluant was determined by continuous monitoring at a wavelength of 280 nm. After 24 hr D.glucose was added to the elution buffer in an ascending linear gradient from 0 to 35 mM using a Pharmacia Ultragrad 2000 gradient maker. A flow rate of 6.0 ml/hr was maintained and 3.0 ml fractions were collected. Each fraction was subsequently dialyzed extensively against phosphate-buffered saline and the total protein concentration of the pooled fraction was measured by the method of Lowry et al. (15) .
After dialysis, each fraction eluted during the application of the linear glucose gradient was assayed for agglutinating ability. Fresh washed rabbit erythrocytes were prepared and agglutination studies were performed as previously described (16) . Rabbit erythrocytes were regularly agglutinated at concentrations of 1 ug/ml of untreated Con A. Those fractions obtained after elution with D-glucose (and subsequent dialysis against phosphate-buffered saline) that failed to cause agglutination after 40 min at protein concentrations greater than 10 ,gg/ml were pooled and subjected to further characterization.
This pooled fraction was also evaluated for its ability to agglutinate human lymphocytes in a similar manner to the assay for rabbit erythrocyte agglutination. Human lymphocytes (200 Al) suspended in phosphate-buffered saline at concentrations of 1 X 107/ml were added to various concentrations Ag/ml) of Con A and incubated at 370 for time periods ranging from 0 to 100 min. Agglutination was evaluated as previously described (16 The film was developed and the degree of 125I-labeled m-Con A binding by lymphocytes was graded semiquantitatively on a 1 to 3 point scale. Lymphocytes were then stained with the Giemsa reagent to determine the percentage of unlabeled cells.
The isolation of peripheral blood lymphocytes, the preparation and [51Cr]chromium labeling of Chang cells, lymphocyte blast transformation, and cytotoxicity studies were performed as previously described (19) . RESULTS Characterization of m-Con A. The result of Sephadex G-200 chromatography of the Con A-protease digest mixture is shown in Fig. 1 To determine the relative amount of intact Con A in the m-Con A-preparation, [3H]Con A was added to the reaction mixture after proteolytic digestion and subsequently subjected to chromatography on Sephadex G-200. Fig. 1 whereas the remaining cells showed substantially reduced numbers of surface receptor sites for rn-Con A.
Biological Properties of m-Con A. Since the above studied demonstrated m-Con A binding to lymphocyte surface receptors, it became possible to evaluate the importance of valence for subsequent lymphocyte activation. Monovalent Con A was incubated with lymphocytes for 72 hr and lymphocyte blast transformation was measured by the incorporation of
[3H]thymidine into DNA. As shown in Fig. 3 , there was a substantial difference between m-Con A and intact Con A in stimulating human lymphocyte blast transformation. Moreover, at the lower concentrations employed (1-10 ,ug/ml), there was as much as a 200-fold difference in lymphocyte blast transformation when comparing m-Con A to intact Con A. However, some lymphocyte blast transformation was observed at higher concentrations of m-Con A and may reflect, in part, the estimated 10% contamination of the preparation by intact Con A. The observed depression of lymphocyte blast transformation by higher concentrations of intact Con A is consistent with previous reports (12) . The present studies suggest that there is a valence requirement for the stimulation of lymphocyte blastogenesis by Con A.
The ability of m-Con A to stimulate lymphocyte-mediated destruction of target cells was also studied. Lymphocytes were stimulated to maximum cytotoxicity by intact Con A and the results were compared to those for the m-Con A preparation.
As shown in Fig. 4 , m-Con A had a substantially reduced ability 
DISCUSSION
Concanavalin A, a protein purified from the jack bean, binds to saccharides that contain glucose-and mannose-like residues and to a variety of cell surfaces. One of the biological consequences of this binding to lymphocyte surface receptors is the subsequent stimulation of lymphocyte blastogenesis and mitosis (6, 22, 23) . Activation of lymphocytes by Con A resembles in many ways specific antigen-induced lymphocyte stimulation (2, 3). Thus, Con A has been used as a valuable probe for understanding the mechanism by which lymphocytes are stimulated by specific antigens. In addition to-the stimulation of blast transformation, the binding of Con A to lymphocyte surface receptors has other effects on cells that may be related in part to the mitogenic properties of the lectin. These include: (i) increased phospholipid incorporation into the membrane (24), (ii) increased flux of ionic potassium and calcium (25, 26) , and (iii) increased uptake of nucleotides, sugars, and amino acids (27, 28) . Furthermore, Con A also has pronounced effects on the mobility of cell surface receptors (29) and on the intracellular levels of cyclic GMP, and induces changes in cellular RNA and DNA metabolism (30, 31) .
The mechanisms by which Con A exerts its biological effect on lymphocytes may depend in part on the organization of its subunits, the number and type of binding sites, and valence. Con A at physiologic pH exists primarily as a tetrameric molecule comprised of four identical subunits of approximately 25,000 molecular weight, each of which possesses a carbohydrate binding site (17, (32) (33) (34) .
We have prepared and isolated a derivative of Con A with a molecular weight of 18,000. Furthermore, proteolytic cleavage of Con A did not affect the carbohydrate binding site or binding affinity of the Con A derivative, but reduced the valence to 1.1. Thus, it was possible to examine the importance of lymphocyte surface binding and valence on subsequent lymphocyte activation.
The importance of valence on lymphocyte surface receptor binding and on subsequent lymphocyte blastogenesis has been investigated by Gunther et al. (12) . These investigators found that chemical derivatization with succinic anhydride of tetrameric Con A to produce a dimeric molecule did not alter the carbohydrate binding specificity or alter the capability of the dimeric molecule to stimulate lymphocyte blast transformation when compared to native Con A. There were, however, important biological differences between the tetrameric and dimeric form of Con A since, in contrast to the intact molecule, . Note that pretreatment of lymphocytes with m-Con A blocks lymphocyte stimulation by intact Con A, whereas pretreatment with intact Con A followed by m-Con A has no effect on lymphocyte blast transformation when compared to A when compared to Con A. Moreover, m-Con A blocked the agglutination of these cells by Con A, suggesting competition for the same surface membrane receptor sites. These studies demonstrate the importance of the valence requirement of Con A in order to produce cell agglutination and support the observation that multi-point attachment and subsequent crosslinkage of receptor sites is necessary for lectin-induced agglutination of cells (12, 13) .
More importantly, this study emphasizes the role of valence on lymphocyte activation as measured by blast transformation and cytotoxicity. There was a marked reduction of lymphocyte blastogenesis by m-Con A when compared to the same concentrations of Con A. Monovalent Con A also blocks the lymphocyte stimulation by intact Con A, which lends further support that m-Con A and Con A compete for the same lymphocyte surface receptors. Similarly, lymphocyte-mediated destruction of Chang cells was substantially reduced by m-Con A when compared to an identical concentration of Con A that produced maximum stimulation of lymphocyte cytotoxicity. Indeed, lymphocyte cytotoxicity may depend, in part, on the multivalent nature of stimulatory agents such as plant lectins and specific antigens. Thus, these observations demonstrate the importance of valence on Con-A-induced lymphocyte stimulation and suggest that Con A must bridge binding sites on the lymphocyte surface in order to activate lymphocyte blastogenesis and cytotoxicity. In support of this conclusion are studies demonstrating the requirement for multivalent binding by specific antigens and antibodies in order to induce lymphocyte stimulation (9) (10) (11) (35) (36) (37) . It should be noted that, since the completion of these studies and during the preparation of this report, Thomasson and Doyle have also prepared a monovalent Con A preparation (38) 
